Effects of mechanical processing and annealing on optical coherence
  properties of Er$^{3+}$:LiNbO$_3$ powders by Lutz, Thomas et al.
Effects of mechanical processing and annealing on optical coherence properties of
Er3+:LiNbO3 powders
Thomas Lutz,1 Lucile Veissier,1, ∗ Charles W. Thiel,2 Philip J. T.
Woodburn,2 Rufus L. Cone,2 Paul E. Barclay,1 and Wolfgang Tittel1
1Institute for Quantum Science and Technology, and Department of Physics & Astronomy,
University of Calgary, Calgary Alberta T2N 1N4, Canada
2Department of Physics, Montana State University, Bozeman, MT 59717 USA
(Dated: April 24, 2018)
Optical coherence lifetimes and decoherence processes in erbium-doped lithium niobate
(Er3+:LiNbO3) crystalline powders are investigated for materials that underwent different mechan-
ical and thermal treatments. Several complimentary methods are used to assess the coherence
lifetimes for these highly scattering media. Direct intensity or heterodyne detection of two-pulse
photon echo techniques was employed for samples with longer coherence lifetimes and larger signal
strengths, while time-delayed optical free induction decays were found to work well for shorter co-
herence lifetimes and weaker signal strengths. Spectral hole burning techniques were also used to
characterize samples with very rapid dephasing processes. The results on powders are compared to
the properties of a bulk crystal, with observed differences explained by the random orientation of the
particles in the powders combined with new decoherence mechanisms introduced by the powder fab-
rication. Modeling of the coherence decay shows that paramagnetic materials such as Er3+:LiNbO3
that have highly anisotropic interactions with an applied magnetic field can still exhibit long coher-
ence lifetimes and relatively simple decay shapes even for a powder of randomly oriented particles.
We find that coherence properties degrade rapidly from mechanical treatment when grinding pow-
ders from bulk samples, leading to the appearance of amorphous-like behavior and a broadening
of up to three orders of magnitude for the homogeneous linewidth even when low-energy grinding
methods are employed. Annealing at high temperatures can improve the properties in some samples,
with homogeneous linewidths reduced to less than 10 kHz, approaching the bulk crystal linewidth
of 3 kHz under the same experimental conditions.
INTRODUCTION
Rare-earth-ion (REI) doped solid-state materials have
received much attention for their properties such as
long optical coherence lifetimes, broad inhomogeneous
linewidths and long population lifetimes that are appeal-
ing for a multitude of applications [1–7]. Erbium-doped
lithium niobate (Er3+:LiNbO3) features a wide, inhomo-
geneously broadened transition within the C-band of the
current telecommunication infrastructure [8]. This is de-
sirable for high-bandwidth applications such as quantum
memories [9] or classical information processing devices,
e.g. pulse ordering that would seamlessly integrate with
today’s technology. Furthermore, lithium niobate is of
particular interest due to its strong electro-optic effects
[10] that enable amplitude and phase modulation of light,
as well as its high refractive index that can be readily
modified to enable optical waveguide applications [11–
13]. The optical coherence properties of the 1.5 micron
transition of bulk Er3+:LiNbO3 crystals have also been
studied for optical signal processing and quantum infor-
mation applications [1, 7, 14–17], providing a knowledge
base for comparing with any changes in the properties of
micro- and nano-structured materials.
For many photonic applications, there is a strong trend
towards miniaturization of devices with the ultimate goal
of on-chip implementation and integration of many opti-
cal components. Nanofabrication tools such as chemical
etching [18, 19] and focused ion beam milling [20] are
already available and numerous nano-scale devices have
been fabricated specifically from LiNbO3. Furthermore,
employing LiNbO3 crystalline films with thicknesses of
only a few microns can provide advantages for the de-
sign of next generation high-speed, broadband electro-
optic modulators [21, 22] as well as providing a platform
for integration of heterogeneous photonic structures and
components [23]. As fabrication techniques are refined
further, additional improvements may be achieved by em-
ploying micron-sized ridge waveguide structures, such as
for enhanced optical frequency conversion [24]. Nanos-
tructured LiNbO3 is of interest for diverse applications
such as nanocrystals for in situ biological imaging [25] or
nano-wires for directional optical second-harmonic gener-
ation [26] and enhanced pyroelectric sensors [27]. These
materials are also promising for nanoscale ferroelectric
capacitors that can enable high-density non-volatile data
storage [28].
While much progress has been made in recent years on
nanofabrication of optical materials, little is known about
how fabrication processes affect the spectroscopic proper-
ties of resonant impurities in the host, such as rare-earth
ions. Many properties can be sensitive to the quality of
the host crystal, and even modest variations can critically
affect applications that rely on those properties. Conse-
quently, it is important to find ways to maintain those
properties in nanoscale structures.
ar
X
iv
:1
70
1.
05
90
8v
1 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 20
 Ja
n 2
01
7
2In the specific area of REI-doped powders and
nanocrystals, there have been very few optical coherence
studies. The initial work in this field focused on the
specific case of Eu3+-doped into sesquioxide host crys-
tals, where fluorescence detection of spectral hole burn-
ing revealed rapid decoherence relative to the bulk crys-
tals due to the introduction of glass-like two-level sys-
tem (TLS) dynamics in the powders [29–32]. Beyond
the sesquioxide powders, nano-crystallites in glass ce-
ramics have also suffered from rapid decoherence pro-
cesses due primarily to interactions with the surround-
ing amorphous host matrix [33–35]. Following the pio-
neering demonstrations of photon echo measurements on
highly scattering powders [36], optical coherence prop-
erties approaching those of bulk crystals have recently
been demonstrated in Eu:Y2O3 nano powders, confirm-
ing that there is significant potential to improve these
and other nano-materials [37]. In addition, long optical
coherence times have been reported for micro-fabricated
structures in Nd:Y2SiO5 crystals, again suggesting that
at least some systems and fabrication methods can pro-
duce properties suitable for practical applications [38].
Nevertheless, beyond these cases, little is known about
optical coherence in nano- and micro-structured crystals
or powders.
With this motivation, the focus of the work reported
here is to employ high-resolution optical characterization
methods, namely two-pulse photon echo (2PE), spectral
hole burning (SHB), and free induction decay (FID) tech-
niques, to assess optical coherence lifetimes in micro- and
nano-sized powders of Er3+-doped lithium niobate. The
greatest challenges in carrying out these studies involve
detecting optically coherent signals in highly scattering
media and the complexity in behavior introduced by the
random orientation of crystallites in the powder relative
to both the external magnetic field and light polarization,
which crucially influence the spectroscopic properties. In
addition, we find that the bulk crystal properties degrade
significantly with any mechanical processing used to ob-
tain micro/nanocrystals. Therefore, techniques with a
very large measurement dynamic range are necessary.
As a primary goal, our study seeks to probe the thresh-
olds where low-energy mechanical processing methods
begin to degrade the optical coherence properties and
to what extent the effects might be reversed by high-
temperature annealing. In addition to the direct rele-
vance to nano- and micro-fabrication, these results can
also reveal insights into potential surface damage intro-
duced by cutting, grinding, and polishing as well as what
processing steps may be successful in reducing the result-
ing surface strain and defects. Another important goal is
to demonstrate that powders of highly anisotropic mate-
rials may be quantitatively analyzed within the frame-
work of decoherence models developed for bulk single
crystals. Finally, this work demonstrates how combi-
nations of 2PE, SHB, and FID measurement techniques
allow optical coherence properties to be studied and com-
pared across a range of samples with very different be-
haviors as described in the following.
The following section of this paper describes the fabri-
cation of our powder samples. We then discuss and com-
pare the results of the different experimental methods to
probe the optical coherence lifetimes. The properties of
the fabricated powders are then compared with the ones
of a bulk crystal, including quantitative modeling of the
effects due to the random orientation of crystallites in
the powder. We identify the factors limiting the optical
coherence lifetimes in small crystals and show that high-
temperature annealing to relieve strain induced by the
fabrication process can improve those properties; how-
ever, in the majority of samples, the bulk crystal prop-
erties could not be preserved or fully recovered.
SAMPLE PREPARATION
Mechanical grinding is a very general, simple, rapid,
and flexible approach for fabricating nano-powders from
bulk crystalline materials. In particular, high-energy
planetary ball milling has been extensively used to pro-
duce monodisperse nano-powders with crystallite sizes
down to less than 10 nm [39, 40]. However, it is known
that high-energy ball milling can cause significant dam-
age to the crystal structure, with the resulting disorder
leading to amorphous-like behavior or even transforma-
tions to different crystal phases after extended milling
[40, 41]. Since very large internal electric fields can be
produced through the piezoelectric and pyroelectric ef-
fects in LiNbO3 [10], which are also known to contribute
to optical damage processes in the bulk crystals [42], we
might expect even greater potential for crystal damage
from high-energy milling of this material. High-energy
ball milling has been used by a number of groups to
produce LiNbO3 nanopowders, mostly undoped, and the
resulting materials have been extensively characterized
[43–48]. A range of techniques including nuclear mag-
netic resonance spectroscopy, extended X-ray absorp-
tion fine structure spectroscopy, impedance spectroscopy,
X-ray diffraction, transmission electron microscopy, dif-
ferential scanning calorimetry, thermogravimetic analy-
sis, infrared absorption spectroscopy, and Raman spec-
troscopy have all indicated a significant increase in amor-
phous behavior in the LiNbO3 crystallites when they are
reduced to sizes below 100 nm by high-energy ball milling
[43–47].
Very little is known regarding how the extent of crys-
tal damage caused by mechanical fabrication or process-
ing relates to the energy, processing time, and specific
method used. While it is clear that the extended high-
energy milling required to produce nanocrystalline pow-
ders produces significant damage, it is unknown if the
damage is intrinsically linked to the size reduction or
3whether lower energy grinding methods might better pre-
serve the properties of the bulk crystal. For LiNbO3,
some of the same measurements that reveal the large
degradation in nanocrystals indicate that microcrystals
have nearly the same properties as the bulk crystal [47].
In our previous SHB studies of Tm3+-doped yttrium alu-
minum garnet powders, we found that high-energy plan-
etary ball milling dramatically affected 169Tm3+ nuclear
hyperfine state lifetimes; however, we also found that
the lifetimes were still significantly reduced in relatively
large microcrystals produced by low-energy ball milling
[49]. Since we expect crystal defects introduced by grind-
ing to affect optical coherence properties more strongly
than nuclear spin lifetimes due to the stronger coupling
of the electronic states to the crystal lattice, optical co-
herence measurements should provide a uniquely sensi-
tive method for probing even very low levels of crystal
damage. For the same reasons, we might expect me-
chanical fabrication methods to be particularly detrimen-
tal to material performance in applications that rely on
long coherence lifetimes and narrow optical homogeneous
linewidths. Consequently, in this work we only used very
slow and low-energy grinding methods in an attempt to
minimize the accumulated mechanical strain in the crys-
tallites and also probe the threshold for introducing mea-
surable damage to the crystal structure.
As a single crystal reference to compare with powder
samples prepared in different ways, we chose a bulk sin-
gle crystal of 0.1% Er3+:LiNbO3 with congruent com-
position, grown by Scientific Materials Corp. (SMC)
using the Czochralski method. This crystal has been
previously studied by Thiel et al. [16, 17] and showed
good coherence properties with homogeneous linewidths
as narrow as 3 kHz with applied magnetic fields along the
crystal’s c-axis. The choice of doping concentration is a
trade-off between the absorption needed to obtain a rea-
sonable signal-to-noise ratio in powder samples and the
additional decoherence created by increased doping due
to Er3+-Er3+ interactions. Starting from a bulk crystal,
we fabricated several powder samples, as detailed below.
The procedures used to fabricate each of the samples are
outlined in Tab. I. In order to analyze the size and shape
distribution of the resulting powders, we performed scan-
ning electron microscope (SEM) imaging, as presented in
Fig. 1 and 2.
An initial reference powder (powder #1 in Tab. I) was
first fabricated by gentle mechanical crushing and grind-
ing using an alumina ceramic mortar and pestle. This
resulted in monocrystalline particles with a wide distri-
bution of sizes ranging from 1 to 100 µm, as shown in
Fig. 1(a). However, we believe that when we later op-
tically probed the samples the signal mainly originated
from the largest particles.
To further reduce the crystallite size of the crushed
LiNbO3 powder, we employed two different horizontal
tumbling-type low-energy ball mills: a ball mill with a
Sample Method
bulk 0.1 % Er3+:LiNbO3 (SMC)
1 (ref) bulk crushed via mortar and pestle
2
sample 1 re-crushed with mortar and pestle
ball milled, 0.5 Hz mill, 30 min
3
sample 1 ball milled, 0.5 Hz mill, 2 hr
annealed (1 hr at 900 C and 4 hr at 600 C)
4
sample 1 ball milled, 0.5 Hz mill, 2 hr
annealed (4 hr at 1100 C)
5
sample 1 ball milled, 5 Hz mill, 10 hr
annealed (4 hr at 950 C and then 4 hr at 1100 C)
6
indiffusion of Er3+ into commercial LiNbO3 powder:
LiNbO3 + ErCl3 ball milled, 5 Hz mill, 3 hr
annealed (4 hr at 1100 C)
TABLE I. Powders characterized in the manuscript and their
fabrication methods.
100 um
(a)
100 um
(b)
FIG. 1. Scanning electron microscope images of (a) powder
#1 made from a 0.1% Er3+:LiNbO3 bulk crystal (SMC) by
grinding with a mortar and pestle, (b) powder #2 ball-milled
for only 30 min.
4-inch diameter HDPE-jar rotating at a relatively slow
rate of approximately 5 Hz, and an even slower ball mill
rotating at a rate of only approximately 0.5 Hz. Both
mills were loaded with a mix of ceramic yttria-stabilized
zirconia balls with diameters ranging from 0.3 mm to
1 cm. The reference powder samples were mixed with
ethanol to produce a slurry and then ground in a mill
4(a)
1 um
20 um
(b)
FIG. 2. Scanning electron microscope images (a) powder #3
ball-milled and annealed at 900 C, and (b) powder #6 an-
nealed up to 1100 C.
under the conditions listed in Tab. I. This method was
chosen to minimize both the mechanical and thermal en-
ergy involved in the grinding. From the powder sample
#1, we produced another sample (powder #2) by ball-
milling for only 30 min at 0.5 Hz. The corresponding
SEM image (Fig. 1(b)), shows very little decrease in par-
ticle size demonstrating that our low-energy ball milling
method only reduces the particles very slowly by gradual
attrition. Nevertheless, even short periods of milling may
potentially introduce measurable lattice strain that can
be characterized. The next sample fabricated, powder
#3, was produced by ball-milling powder #1 for 2 hours
at 0.5 Hz, resulting in a significant reduction in average
particle size. As shown in Fig 2(a), this sample has par-
ticle sizes roughly on the order of 1 µm after annealing
in the furnace.
To investigate the effect of post fabrication thermal
treatment, some powders were annealed in alumina cru-
cibles in a tube furnace using a mullite tube providing
peak temperatures of up to 1400 C. While thermal an-
nealing can increase defect mobility and relieve crystal
strain, LiNbO3 can also be detrimentally affected by an-
nealing at high temperatures due to the potential for out-
diffusion of both lithium and oxygen, affecting the optical
and electrical properties of the crystal. Past studies have
found that thin crystalline films of LiNbO3 are partic-
ularly sensitive to high annealing temperatures [50, 51],
suggesting that similar effects might be observed for pow-
ders. Furthermore, while bulk crystals generally require
reducing atmospheres [52] or vacuum [53] for significant
oxygen to diffuse out of the crystal matrix during anneal-
ing, we found that in small crystallites the out diffusion
occurs even when annealed in an ambient atmosphere,
resulting in black powders. To prevent the loss of oxy-
gen from the material, we annealed the powders under
a continuous flow of oxygen (ultra-high purity grade), a
method that has been shown to inhibit the reduction pro-
cess for bulk crystals [53], although for thin films there
have been some indications that excess oxygen may po-
tentially be absorbed and produce defects [54]. To inhibit
the out-diffusion of lithium, we employed the well-known
technique used for LiNbO3 wafer processing of introduc-
ing small amounts of water vapor into the oxygen by
bubbling the gas through a column of deionized water
[55, 56].
The effects of several different annealing procedures
were examined. Powder #3 was annealed at a low-
temperature of around 900 C, which resulted in a growth
in particle size of only a factor of two at most for the
micron- and sub-micron-sized particles and only pro-
duced weak agglomeration of the powder. The result-
ing maximum particle size of 2 µm or less constitutes
the finest powder examined in this study as shown in
Fig. 2(a). We also performed higher temperature anneal-
ing at 1100 C that tended to produce significant crystal-
lite growth as well as hard agglomeration and fusing of
the particles. Samples #4, #5 and #6 had initial par-
ticle sizes of less than 2 µm after ball-milling but fused
into much larger masses around 100 µm after annealing
at 1000 C, as shown in Fig. 2(b). Powder #5 also un-
derwent an initial pre-annealing step at 950 C. Better
crystal quality, and therefore improved coherence prop-
erties should in principle come with this increase in size.
Finally, we fabricated an Er3+:LiNbO3 powder (sam-
ple # 6) via in-diffusion of Er3+ ions into a commer-
cial congruent LiNbO3 powder (Sigma Aldrich, 99.9%
purity) with initial crystallite sizes of less than 70 µm.
The LiNbO3 powder was mixed with a 5% molar con-
centration of anhydrous ErCl3 powder (ProChem Inc.,
> 99.9% purity) and ethanol to produce a slurry, and
the mixture was ball milled for 3 hours. The powder was
then allowed to dry in a desiccator, after which it was
heated in the tube furnace for 4 hours at 1100 C while
under a continuous flow (3 SCFM) of oxygen. The result-
ing powder was then crushed with a mortar and pestle
and washed with deionized water followed by ethanol.
Optical spectroscopy of the 1532 nm absorption line ver-
ified that significant Er3+ had diffused into the LiNbO3
powder. While the amount of Er3+ incorporated into the
LiNbO3 powder is unknown, the magnitude of the opti-
cal absorption (see Tab. III) and coherence signals was
comparable to our other 0.1% Er powders, suggesting a
5similar effective doping level for the indiffused powder.
OPTICAL COHERENCE LIFETIME
MEASUREMENTS
Key requirements for many applications of REI-doped
materials in classical and quantum signal processing are
long optical and spin coherence lifetimes. To investigate
the effect of powder fabrication on the optical coherence
lifetime of the 1.5 µm telecom-compatible transition of
Er3+, we used several different measurement techniques.
One issue that must be overcome for powders is a much
weaker signal strength. Powders with particle sizes below
10 µm scatter light very strongly, especially for our sam-
ples, since LiNbO3 has a relatively high refractive index
of approximately 2.2 at 1.5 µm wavelengths [57, 58] and
most of our particles have sizes larger than the wave-
length of the probing light. The latter causes light to
be scattered at every surface of the micro/nano-crystals,
randomizing the direction, path length, and polarization
of the light, making the transmitted or emitted light
difficult to collect. Therefore, the usual characteriza-
tion methods employed for REI-doped crystals such as
2PE, SHB, or FID are difficult to perform with pow-
ders. Previous measurements on powders have mostly
employed detection of fluorescence emission to observe
SHB [29, 31, 59], with direct transmission detection of
SHB [49] and 2PE [36, 37] only recently being success-
fully applied to powders. In particular, FID measure-
ments on powders have not been previously reported to
our knowledge.
Another consideration is the random orientation of in-
dividual crystallites in the powder relative to applied ex-
ternal fields. It is known that Er3+ coherence lifetimes
strongly depend on the magnetic field orientation due to
the anisotropy of the g tensors in both the ground and
excited states [60]. As a consequence, the coherence life-
times measured in a randomly orientated powder sample
correspond to an average of the bulk lifetime over all pos-
sible orientations, complicating the interpretation of the
results.
Finally, the degradation of coherence properties in
micro/nano-crystals due to new decoherence mechanisms
introduced by the powder fabrication process can limit
the range of materials that can be studied using a single
technique. In some cases, the optical coherence lifetime
is drastically reduced, making a direct measurement via
2PEs difficult with standard techniques.
In the work reported here, we employed a combina-
tion of three techniques, SHB, 2PE, and FID, to study
optical coherence over the wide range behavior encoun-
tered in different powder samples. Also, SHB signals
were detected in transmission rather than emission to
allow information about absorption depths to be deter-
mined. For all of these measurements, unless mentioned
otherwise, the powder samples were loaded into a 0.4 mm
thick space within an unsealed glass cuvette and then
cooled to a temperature of 1.6 K in an Oxford Spectro-
mag cryostat using helium exchange gas. A supercon-
ducting solenoid provided magnetic fields of up to 6 T
for these measurements. Since most of the incident laser
light was diffusely scattered in all directions, it was criti-
cal to minimize stray light from reaching the detector and
producing a large background signal. For this purpose,
the glass cuvette containing the powder was mounted
against a mask with a small hole that only allowed light
at the center of the cuvette to be transmitted and with
extensive light baffles on all sides to direct any scattered
light away from the detector.
Two pulse photon echoes
The most precise method to characterize long coher-
ence lifetimes, as observed in Er3+:LiNbO3 bulk crys-
tals, is the 2PE technique since it is not limited by the
linewidth of the excitation laser. For these measure-
ments, a homemade Littman-Metcalf extended-cavity
diode laser emitting at 1532 nm was amplified using an
erbium-doped fiber amplifier (IPG Photonics Corp EAD-
1-C). Two short pulses, separated by a time t12, with
duration ranging from 30 to 100 ns, optimized for each
sample, were generated using an acousto-optic modula-
tor (Crystal Technology Inc. 3165). The light was then
focused on the front face of the sample and the trans-
mitted light was detected using an amplified high-speed
InGaAs photodetector (New Focus 1811) with no opti-
cal gate used between the photodetector and the powder
samples.
In addition to direct detection of the echo intensity,
we also performed heterodyne measurements of the echo.
For those measurements, after the second excitation
pulse, a weak optical local oscillator pulse detuned by
10 MHz was sent through the sample to the detector
to ensure it undergoes the same scattering path and to
provide better spatial mode matching of the local oscil-
lator and the excitation beam. The envelope of the beat
signal between the emitted echo and the local oscillator
corresponds to the emitted temporal shape of the photon
echo electric field strength. Because of the need to limit
the local oscillator pulse intensity to avoid undesired hole
burning or heating effects and attenuation due to scatter-
ing, the heterodyne signal strength was not significantly
larger than the intensity detection. Nevertheless, the fac-
tor of two slower echo decay rate of the electric field ob-
served in the heterodyne measurement, compared to the
decay rate of the intensity observed in a regular 2PE, al-
lows shorter coherence lifetimes to be characterized with
the heterodyne technique.
6Echo decays in powders of randomly orientated crystallites
In the simplest 2PE decay measurement, the area of
the echo emitted at a time 2 t12 after the first excita-
tion pulse follows an exponential decay determined by the
coherence lifetime. In Er3+:LiNbO3, as for many other
Er3+ materials, spectral diffusion broadens the homoge-
neous linewidth during the measurement timescale [16]
leading to a non-exponential echo decay often described
by the empirical formula proposed by Mims [61, 62]
I(t12) = I0 exp
[
−2
(
2 t12
TM
)x]
, (1)
where the exponent x ≥ 1 determines the decay shape
and TM is the phase memory lifetime, usually related
to the effective homogeneous linewidth as Γeff = 1/piTM
[16]. In heterodyne detection, the electric field of the
emitted photon echo is detected rather than the intensity
so that the decay of the echo heterodyne envelope area
is slower by a factor of two and is given by
E(t12) = E0 exp
[
−
(
2 t12
TM
)x]
. (2)
In general, the effective homogeneous linewidth can
strongly depend on the orientation of the applied mag-
netic field B as well as the specific ion sites addressed in
the crystal by the resonant optical excitation [60]. For
amorphous media, there can be a wide range of local en-
vironments and a corresponding need to average over a
complex distribution of sites and orientations [63]. In
contrast, it should be possible to predict the behavior
for a powder of randomly oriented crystallites from the
measured orientation dependence of the bulk single crys-
tal. In LiNbO3, Er
3+ ions substitute for Li+ with a lo-
cal environment that nominally maintains an axial point
symmetry with respect to the c-axis described by the
C3 point group [64, 65]. Assuming that the sites main-
tain perfect axial symmetry, the orientation-dependent
properties depend only on the angle θ between the mag-
netic field B and the c-axis. Fig. 3(a) shows the effective
linewidth as a function of θ in a 0.1% Er3+:LiNbO3 bulk
crystal at T = 1.6 K and B = 2 T. The minimum homo-
geneous linewidth is observed for B along the c-axis, i.e.
θ = 0, with a measured value of 3 kHz, agreeing with the
linewidth previously reported for these conditions in a
0.06% Er3+:LiNbO3 crystal [16]. The values of Γeff were
extracted from 2PE intensity decays fitted by Eq. 1, as
shown in the inset for B along the c-axis. The measured
angular dependence Γeff(θ) was fit well using an empiri-
cal eighth order polynomial containing only even powers.
To simulate the observed echo intensity Itot, we averaged
the echo intensities over all possible random crystallite
orientations as follows
Itot(t12) = I0
∫ pi/2
0
exp [−4piΓeff(θ)t12] sin θ dθ . (3)
0.1% Er:LiNbO3
powder 1 (ref)
T = 1.6 K, B = 2 T
(b)
0.1 % Er:LiNbO3 bulk
T = 1.6 K, B = 2 T
(a)
= 0
B || c
= 3.1 kHz
FIG. 3. (a) Orientation dependence of the effective linewidth
Γeff in a 0.1% Er
3+:LiNbO3 bulk crystal measured at T =
1.6 K and B = 2 T. The magnetic field orientation is rotated
by an angle θ from the c-axis of the crystal. The inset shows
an example echo intensity decay at θ = 0 i.e. B ‖ c, where
the fit of Eq. 1 gives Γeff = 1/piTM = 3.1 kHz. The red solid
line is an empirical polynomial fit to the experimental Γeff(θ)
data. (b) Decay of the echo area for the 0.1% Er3+:LiNbO3
reference powder. The dashed line corresponds to a fit of
a sum of two exponential decays to the experimental data
(black dots). The red solid line corresponds to a calculation
of the expected decay in the powder due to the orientation
dependence of Γeff in the bulk crystal.
This model assumes a uniform distribution of particle ori-
entations and that all particles contribute equally to the
averaged decay. Fig. 3(b) shows the measured echo inten-
sity as a function of waiting time t12 in powder #1 under
the same conditions as for the bulk measurements, i.e.
B = 2 T and T = 1.6 K, as well as the decay simulated
using Eq. 3 with the measured bulk crystal parameters.
The simulated and measured decays agree very well, in-
dicating that the observed echo signals in this case do
represent a simple average over all possible particle ori-
entations. This conclusion is important for interpreting
the later results since it suggests that the probe light in-
teracts uniformly with different particles and that there
is no preferential alignment of the crystallites in the pow-
7der.
From both the simulations and the measurements,
we observed echo decays for the Er3+:LiNbO3 powders
that could be approximately described by a double-
exponential shape. Using simulations to investigate the
contributions of different particle orientations to the echo
signal, we found that, for the conditions studied in this
work, the slow component of the decay corresponds to
the subset of crystallites in the powder that have their
c-axis oriented almost parallel to the applied magnetic
field direction while the fast component of the decay cor-
responds to all crystallites with other orientations. For
example, under the conditions in Fig.3(a), fitting the
powder decay with a double exponential gives effective
homogeneous linewidths of 7.6 and 45 kHz for the two
components, roughly corresponding to that of the bulk
crystal with B along the c-axis (3.5 kHz), and an average
over the behavior for other orientations (up to 300 kHz
for B orthogonal to the c-axis), respectively.
Because the slower decay component probes the sub-
set of particles with their c-axis approximately aligned
with the external field, as confirmed by the analytical
model described by Eq. 3, we can quantitatively analyze
the decoherence mechanisms by directly comparing this
component of the decay to the bulk crystal behavior for
B ‖ c. Consequently, in all of the following analysis, we
focus on the slower component of the double exponential
decay observed for the powder samples. In the spectral
hole burning and free induction decay measurements de-
scribed later, only single exponential decays are observed
since at the timescales of these measurements, additional
decoherence effects dominate the decay behavior and are
more important than the orientation effect observed in
the 2PE measurements.
Magnetic field dependence of coherence lifetimes
In this section we discuss the observed magnetic field
dependence of the coherence lifetimes in the different
samples and investigate additional decoherence processes
resulting from the powder fabrication methods. Fig. 4
shows the magnetic field dependence of the effective
linewidth at T = 3 K for the bulk crystal, powder #1
(the reference), and powder #2. For all other powder
samples listed in Tab. I, the signal was either too weak
or exhibited a decay too rapid to extract a reliable life-
time from photon echo measurements. The experimental
points Γeff(B) are fitted by the spectral diffusion model
from Ref. [16], where the effective linewidth is given by
Γeff(B, T ) =
ΓSDR
−2Γ0 + 2
√
Γ20 +
ΓSDR
pi
, (4)
where Γ0 is the linewidth without spectral diffusion, ΓSD
is the broadening caused by interactions between the
bulk crystal
powder 1
powder 2
0.1% Er:LiNbO3
T = 3 K
FIG. 4. Magnetic field dependence of the effective homoge-
neous linewidth in 0.1% Er3+:LiNbO3 at T = 3 K for the bulk
crystal (for B ‖ c), the reference powder #1, and a powder
ball-milled for 30 min. (powder #2).
sample g αff(kHz) αD(kHz/T
5)
bulk 15.7 11 69
1 14 12 240
2 14 9 200
TABLE II. Parameters from fitting the experimental data
shown in Fig. 4 by Eq. 4. The values of Γmax was fixed to 1
MHz.
Er3+ electronic spins, and R is the rate of spectral diffu-
sion. The spectral diffusion broadening has a full width
at half maximum described by
ΓSD(B, T ) = Γmax sech
2
(
genvµBB
2kBT
)
, (5)
where Γmax is the maximum broadening due to magnetic
dipole-dipole interactions, genvµBB is the splitting of the
Er3+spin states, and the hyperbolic secant function in
Eq. 5 describes the suppression of spectral diffusion at
high magnetic fields due to the increased magnetic or-
dering of the spins. Spectral diffusion occurs at a rate R
characterizing the flip rate of the perturbing Er3+ spins;
that is approximately given by
R(B, T ) =αff sech
2
(
genvµBB
2kBT
)
(6)
+ αD g
3
env B
5coth
(
genvµBB
2kBT
)
.
This expression assumes that only the mutual Er3+-Er3+
spin flip-flop process with coefficient αff and the direct
phonon process with coefficient αD drive Er
3+ spin flips,
as expected for temperatures below 4 K.
Fitting Eq. 4 to the three sets of data (bulk crystal
and powders #1 and #2) gives very similar spectral dif-
fusion parameters except for the coefficient αD that is 4
times larger for powder #1 and 3 times larger for pow-
der #2 as compared to the bulk crystal (see Tab. II).
8This suggests that additional spin relaxation processes
that increase with magnetic field are introduced through
powder fabrication by crushing or ball-milling. Such pro-
cesses may be understood within the framework of the
two-level system (TLS) model developed to describe dy-
namics in amorphous materials [66, 67]. In this model,
very low-frequency modes that involve groups of atoms
tunneling between local configurations with nearly equiv-
alent energies are enabled by defects and disorder in the
crystal structure. It has been proposed that low densi-
ties of TLS can be present in some crystalline materials
with large inhomogeneous lattice strains [68]. Decoher-
ence attributed to TLS has been previously observed in
both bulk crystals [29, 59] and powders [30], and it has
also been suggested that TLS can cause rapid electron
spin relaxation [69]. This interpretation is also consistent
with past observations of increased electronic spin-lattice
relaxation rates of Nd3+ in YAG single crystals with a
high density of structural defects in the lattice [70] as well
as increased nuclear spin relaxation rates of 169Tm3+ in
YAG powders fabricated by ball milling [49]. While it is
known that high-energy ball milling of nanocrystals can
produce significant disorder in the crystal structure and
introduce some amorphous behavior [43–47], our results
suggest that even very low-energy grinding methods ap-
plied to much larger microcrystals still cause substantial
damage that produce TLS.
Because 2PE techniques did not allow us to measure
coherence lifetimes in all of the powder samples, we also
used SHB and FID techniques to probe the effects of
faster decoherence processes, as described in the following
sections.
Spectral hole burning
We employed spectral hole burning to measure Γeff as
well as the effective absorption depth αeff of our samples.
We use the latter to qualitatively estimate the amount
of scattering and the quality of the micro/nano-crystals.
In this measurement, a 500 µs long burn pulse excited
the resonant Er3+ ions into the 4I13/2 excited state and
created a corresponding transparency window in the in-
homogeneously broadened absorption line. After a 25
µs delay, a subsequent 50 µs long read pulse with lower
power was frequency swept across the spectral hole to
measure the absorption spectrum.
A typical hole burning trace is shown in Fig. 5 for pow-
der #1 at a temperature of 1.6 K and a magnetic field
of 2 T. In addition to the main hole in the center of the
spectrum, we observed additional sideholes originating
from the superhyperfine coupling between the Er3+ elec-
tronic spins and the nuclear spins of the host ions, with
93Nb producing a superhyperfine splitting of 9 MHz/T
and 7Li producing a splitting of 14.8 MHz/T [17].
Spectral hole burning measurements provide informa-
B = 2T
T = 1.6 K
FIG. 5. Hole burning spectrum in 0.1% Er3+:LiNbO3 (powder
#1) at T = 1.6 K and B = 2 T. Zero detuning corresponds
to 1531.882 nm in vacuum.
tion about the optical coherence lifetime via the width
of the spectral hole. In the absence of power broad-
ening, the spectral hole width is twice the effective ho-
mogeneous linewidth convolved with the laser linewidth
[71]. To estimate the effect of power broadening and the
laser linewidth, we carried out a series of hole burning
measurements on the bulk crystal using different laser
powers. This measurement allowed us to extrapolate to
the hole width at zero burning power. From a power
broadening measurement performed on powder #3, we
estimated that our measured hole widths exhibited 1.93
MHz of power broadening, and we then assumed that
the power broadening was the same for each powder un-
der the same excitation conditions. This gives a large
uncertainty that we estimated to be 10 kHz on the ex-
tracted values of the effective linewidth, but still allows
us to compare the effects of the different treatments ap-
plied to the powders. A comparison between SHB and
2PE measurements for the bulk crystal resulted in an
estimated contribution of the laser linewidth to the hole
width of 420 kHz. Using these values, the effective homo-
geneous linewidths were computed from the hole burning
measurements by subtracting the power broadening and
laser linewidth contributions, with the outcome summa-
rized in Tab. III.
From the values in Tab. III, we see that powder #1,
which was crushed using only a mortar and pestle, shows
broader hole widths than the bulk crystal, meaning that
additional spectral diffusion processes occur in this pow-
der. Remarkably, the effective homogeneous linewidth of
powder #3, which was ball-milled and then annealed, is
narrower, and on the same order of magnitude as that
of the bulk crystal. This indicates that crystal damage
(strain and defects) caused by mechanical processing, in
this case crushing using a mortar and pestle and slow
ball milling, could be mostly removed by annealing the
powder with the smallest particle sizes studied of roughly
9sample αeff (cm
−1) ΓHBeff (kHz) Γ
2PE
eff (kHz) Γ
FID
eff (kHz)
bulk 3.9 < 10 3.2 <10
1 (ref) 13.5 60 4.5/40 32
3 9.4 < 10 12/45 38
4 1.4 1050 30 30
5 0.71 990 38 29
6 2.96 150 37 42
TABLE III. Maximum effective absorption coefficient αeff
extracted from SHB measurements, as well as effective
linewidths Γeff extracted from SHB, 2PE and FID (after a
tw = 5 µs) measurements at T = 1.6 K and B = 2 T for
different samples. When a double exponential decay was ob-
served, as described in the main text, both decay values are
listed. For the bulk crystal, the magnetic field and light po-
larization were parallel to the c-axis (B ‖ E ‖ c).
2 µm and lower. On the other hand, powder #4 shows
much broader spectral holes with the same mechanical
processing as powder #3 but annealing at a higher tem-
perature. To further explore the effect of temperature,
powder #5 was ball milled at a higher speed and for a
longer time than powders #3 and #4, but was then an-
nealed at the same upper temperature as powder #4,
resulting in very large spectral hole widths – nearly the
same as for powder #4. These results suggest that the
much broader linewidths observed in powders #4 and
#5 arise from the higher annealing temperatures. Con-
sequently, it appears that temperatures above 1000 C are
detrimental to the material properties rather than bene-
ficial, likely due to additional disorder caused by loss of
either lithium or oxygen from the crystal matrix. This
hypothesis is consistent with past observations of sub-
stantial lithium out-diffusion from the surface of bulk
crystals when annealed in a wet oxygen atmosphere at
temperatures above approximately 1100 C [56]. More-
over, changes in material properties due to lithium out-
diffusion have been observed at temperatures as low as
600 C for LiNbO3 thin films [50, 51], suggesting that
even lower annealing temperatures than used here may
be optimal for micro/nano-powders.
Finally, we examined powder #6 that was fabricated
through in-diffusion of erbium into commercial LiNbO3
powder. This powder was processed using similar me-
chanical and thermal treatments as for powders #4 and
#5, although noticeably narrower linewidths than those
of powders #4 and #5 were observed. Further study is
required to determine whether the difference in linewidth
is a result of the different starting materials, the presence
of ErCl3 mixed with the powder, or other factors.
From the hole burning spectra, we also extracted ef-
fective absorption depths for each powder sample. Since
scattering in the powder increases the optical path length
traveled by the light as it passes through the sample,
we should observe a larger absorption depth for samples
with more scattering, as well as the expected increase
in the overall frequency-independent scattering loss. On
the other hand, scattering of light between and around
loosely packed particles will reduce the absorption com-
pared to a bulk crystal. In particular, any small gap
in the 0.4 mm thick loose powder can result in a weakly
scattered background signal that does not strongly probe
the powder. Furthermore, when the individual crystal-
lites have anisotropic absorption, the transmitted light in
general will not follow the usual Beer-Lambert-Bouguer
exponential decay law. Nevertheless, if we assume that
the incident light polarization is randomized many times
during the scattering process, as we observe experimen-
tally from the transmitted light, then we can approximate
the propagation through the powder using the absorption
coefficient averaged over all polarizations states. Thus,
while it is difficult to extract real absorption coefficients
or effective path lengths from the measured transmission
spectrum, we do expect the observed effective absorp-
tion to provide some qualitative information about the
relative scattering path lengths in the powder samples.
For the 1532 nm transition of Er3+:LiNbO3, the ab-
sorption coefficient is dependent on both the polarization
and the propagation direction of the light since the tran-
sition has comparable electric and magnetic transition
dipole strengths [17]. The maximum absorption coeffi-
cients are known for light propagating orthogonally to
the crystal's c-axis with pi polarization, i.e. E ‖ c (4.1
cm−1), and σ polarization, i.e. E ⊥ c (6.8 cm−1), as well
as for the light propagating along the crystal's c-axis with
the two circular polarization states (11.1 cm−1 averaged
over left and right handed polarizations). Consequently,
averaging over all possible random crystal orientations
and polarizations, we would expect an effective absorp-
tion coefficient αeff of 7.3 cm
−1 for a powder in the limit
of many scattering events.
To estimate the effective absorption coefficient αeff for
each powder sample, we used high-power (resonant) opti-
cal excitation to burn a very deep spectral hole for which
we assumed complete transparency since further increas-
ing the burning power did not produce any additional in-
crease in the transmission. Using this approach, αeff was
calculated from the transmitted intensity It at the center
of the hole and the intensity I0 with the laser tuned away
from the hole (where it experiences the full absorption)
through the relation
αeff = − ln
(
It
I0
)
/L , (7)
where L = 0.4 mm is the powder thickness. The resulting
effective absorption values are listed in Tab. III for each
sample.
For powders #1 and #3 we measured absorption coef-
ficients (see Tab. III) higher than the bulk average in-
creased by a factor of 1.8 and 1.3 respectively. This
is consistent with the transmitted light experiencing a
longer path in the powder sample. However, for the other
powder samples, the measured absorption coefficient is
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significantly lower compared to the bulk. We note that
all powders with small optical depth (#4 to #6) un-
derwent the same annealing procedure, with maximum
temperatures of around 1100 C, which might have intro-
duced modifications in the host matrix that potentially
could cause broadening of the inhomogeneous linewidth
or other effects responsible for decreased absorption.
This explanation would also be consistent with our ob-
servation of larger effective homogeneous linewidths in
those same samples. Nevertheless, to conclusively iden-
tify the cause of the weaker observed spectral hole depths
in these samples requires further study.
The experiment described above shows that SHB mea-
surements in direct transmission could be successfully
conducted in powder samples and that the effective
linewidths were successfully extracted in samples for
which 2PE measurements could not be performed. Over-
all, we observed that coherence properties degraded in
powders that underwent mechanical processing. This
suggests the presence of two-level systems in these sam-
ples. To further verify these results, we also used FID
techniques to probe the coherence properties over an in-
termediate range that overlaps those accessible through
SHB and 2PE measurements.
Free induction decay and spectral diffusion
SHB measurements may be used to probe powders
with broad homogeneous linewidths that cannot be ac-
cessed by 2PE techniques. However, in cases where rapid
spectral diffusion or complex spectral structure such as
spin-flip sidebands are present, optical coherent transient
FID measurements can serve as a better method to ex-
tract the effective homogeneous linewidth [71]. While
FID measurements that probe a single spectral hole are
still limited by the laser linewidth, FID may be em-
ployed immediately following the hole preparation with-
out the need for laser chirping, allowing the broadening
to be probed over shorter timescales than frequency do-
main SHB measurements. Furthermore, FIDs are more
amenable to heterodyne detection techniques, allowing
for improved signal discrimination and dynamic range
relative to SHB. The shape of the FID curve also reveals
the evolution of decoherence processes over the timescale
of the measurement in a manner similar to 2PE tech-
niques [16], unlike direct SHB that requires an extensive
series of measurements to extract similar information.
Motivated by the ability of FID measurements to probe
rapid decoherence processes contributing to the homo-
geneous linewidth (i.e. processes faster than the short-
est timescales observable using 2PEs), we employed FID
measurements to study all of our powder samples. Specif-
ically, we applied a variation of the FID technique some-
times referred to as a delayed FID that is analogous to
a stimulated photon echo measurement [71]. For this
FIG. 6. Typical background-subtracted FID decay of the ref-
erence powder #1 at B = 3.9 T, T = 1.6 K and waiting time
tw = 5 µs. Solid points are measured values and the solid line
is a fit of the FID signal. The inset shows a magnification of
the first 1 µs of the decay.
approach, a laser pulse first burnt a hole in the inho-
mogeneously broadened absorption line of the sample:
in our case we used a 50 µs long burn pulse to provide
an approximately 20 kHz Fourier-limited spectral resolu-
tion. After a waiting time Tw, a second brief excitation
pulse was applied to induce an optical coherence across
the frequency window of the burnt hole. The decay of
the coherent emission after the brief pulse provides in-
formation about the effective width of the spectral hole
resulting from the convolution of the effective homoge-
neous linewidth and the laser linewidth, as well as any
spectral diffusion that occurs over the waiting time Tw.
In our case, we employed heterodyne detection to mea-
sure the coherence decay by beating it with a third laser
pulse shifted in frequency by 10 MHz. The decay of the
resulting 10 MHz beat signal is given by
E(t) = E0 exp
[
−
(
t
TTwM
)x]
. (8)
By fitting this equation to the experimentally measured
decay, we extracted the effective homogeneous linewidth
Γeff = 1/piT
Tw
M after a waiting time Tw. An exemplary
FID decay signal for powder #1 (reference) at B = 3.9 T,
T = 1.6 K and waiting time Tw = 5 µs is shown in
Fig. 6, where the steady-state transmitted intensity has
been subtracted from the signal. The fit of the FID is
shown by the solid line, revealing an exponential decay
envelope (i.e. x = 1 in Eq. 8) that corresponds to an
effective linewidth of Γeff = 147 kHz.
By changing the waiting time Tw between the burn and
excitation pulses, the delayed FID technique was used to
determine the effective homogeneous linewidth at differ-
ent timescales and thus study time-dependent decoher-
ence processes, i.e. spectral diffusion. The effective ho-
mogeneous linewidth over a range of waiting times for
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bulk
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powder 6
powder 5
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b)
FIG. 7. Effective homogeneous linewidths at a) B = 2 T and
b) B = 3.9 T at T = 1.6 K as a function of the waiting time
Tw measured using the delayed FID technique for powders
#1, # 3 through #6 and for the bulk crystal. The solid lines
are guides to the eye.
different powders is shown in Fig. 7. From a comparison
of the obtained effective homogeneous linewidths using
FID at Tw = 5 µs and the local slope of the two pulse
photon echo decay around t12 = 5 µs for each powder,
we estimated the experimental contribution to each FID
measurement due to laser linewidth, power broadening
and shot-to-shot laser jitter.
As shown in Fig. 7, we observed a rapid time-
dependent broadening of the linewidth due to spectral
diffusion occurring at timescales of less than 500 µs, and
then a saturation of the broadening at longer timescales,
indicating that those waiting times were longer than the
inverse of the spectral diffusion rate. Comparing the
behaviors at B = 2 T and B = 3.9 T (see Fig. 7(a)
and (b)) indicates that spectral diffusion is faster at 2
T, whereas the final linewidth at long Tw is similar at
both magnetic fields. Overall, the bulk crystal shows
the narrowest linewidths, although powder #1 (the ref-
erence powder) that underwent minimal grinding using
only a mortar and pestle exhibits similar spectral diffu-
sion broadening as the bulk crystal at the longest time
delays. All ball-milled powders show significantly larger
effective linewidths. For powders #3 and #4 that un-
derwent the same mechanical treatment, the data points
at short Tw suggest that the higher annealing temper-
ature of 1100 C for powder #4 was detrimental. Fur-
thermore, we could not observe a clear saturation of the
effective homogeneous linewidth with waiting time for
powder #4, unlike all of the other powders. Powder #5
that experienced more severe mechanical treatment (fast
ball milling for 10 hours) but the same annealing pro-
cess as #4, shows comparable broadening as #4, fur-
ther suggesting that the high annealing temperature was
the limiting factor for these samples. This observation
is consistent with the SHB results discussed earlier and
again points toward defects and disorder in the crystal
caused by out-diffusion of lithium at high temperatures
[50, 51, 56]. Since the dynamic TLS modes enabled by the
disorder typically exhibit a broad distribution of relax-
ation rates, they are expected to cause significant spec-
tral diffusion that often produces a logarithmic increase
in the homogeneous linewidth over time [72, 73].
The commercial powder with large crystallites that
were diffusion-doped with Er3+ (powder #6) exhibited
better coherence properties at long timescales compared
to all of the ball-milled powders, although still signifi-
cantly worse than the bulk crystal and the crushed refer-
ence powder #1. This again suggests that higher process-
ing temperatures are a key factor in producing spectral
diffusion, although at a lower level for larger particles as
might be expected if lithium out-diffusion is the cause.
CONCLUSION
We demonstrated that spectroscopic properties such
as optical coherence lifetimes in Er3+:LiNbO3 powders
that experienced various mechanical and thermal treat-
ments could be measured despite strong scattering, ran-
dom orientations, and shorter coherence lifetimes. The
2PE measurements were optimal to access long coher-
ence lifetimes whereas SHB and FID techniques were
well suited to quantify fast dephasing processes. Fur-
thermore, we described how the powder properties could
be predicted and understood by averaging the orientation
dependent properties of the bulk single crystal.
We observed that mechanical grinding of the pow-
ders resulted in a broadening of their effective homo-
geneous linewidths, indicating the presence of dynamic
TLS modes characteristic of amorphous phases. This
conclusion was also supported by observations of corre-
sponding decreases in the maximum absorption as well
as a broader distribution of spectral diffusion rates as
compared to the bulk crystal. Surprisingly, we found
that even crushing and grinding with mortar and pes-
tle to produce large microcrystals resulted in significant
damage as indicated by an order-of-magnitude increase
in the homogeneous linewidth. In the powders that ex-
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perienced less processing, spectral diffusion broadening
at longer timescales approached the values observed in
the bulk, suggesting that grinding primarily accelerates
existing spectral diffusion mechanisms (such as Er3+ elec-
tronic spin flips) rather than introducing new sources
of broadening. This conclusion is also consistent with
the increase in the magnetic-fielddependent spectral dif-
fusion rates extracted from analysis of the 2PE coher-
ence measurements (summarized in Tab. II). We found
that the broadening could be partially reversed by high-
temperature annealing in oxygen atmospheres for some
powders; however, treatment at temperatures above 1000
C was detrimental for the coherence properties. The pow-
ders annealed at temperatures above 1000 C exhibited
a large increase in the magnitude of spectral diffusion,
suggesting that additional broadening mechanisms were
introduced, possibly due to out-diffusion of lithium and
oxygen from the crystallites.
Together, our results demonstrate that even minimal
low-energy mechanical processing significantly degrades
the material properties of interest for classical and quan-
tum signal-processing applications. Chemical fabrication
methods, such as chemical synthesis or etching may min-
imize the amount of amorphous-like behavior introduced
when fabricating micro- and nano-materials and lead to
better optical coherence properties. This hypothesis is
consistent with past structural and spectroscopic studies
of nanocrystalline LiNbO3 where powders produced by
sol-gel methods had significantly better properties than
those produced by high-energy ball milling [44, 46], al-
though still not reaching the bulk crystal properties [47].
The detrimental effects of high annealing temperatures
also suggest that lower temperature bottom-up synthe-
sis may be preferred. The demonstration of long coher-
ence lifetimes in Eu:Y2O3 nanopowders produced using
solvothermal methods confirms that at least some ma-
terials can be fabricated with optical coherence proper-
ties approaching those of the bulk crystal [37]. Based
on the recent work on Nd:Y2SiO5 [38], we expect that
focused-ion-beam milling may also be successful in pre-
serving the coherence properties of REI-doped LiNbO3,
potentially providing a suitable tool to fabricate micro-
and nano-structures for optical signal-processing appli-
cations. Nevertheless, further studies are required to de-
termine whether there are other fundamental limitations
of material performance when the crystal size is reduced
to the nanoscale.
ACKNOWLEGMENTS
The authors wish to thank Ph. Goldner and A. Ferrier
for valuable discussions on optical coherence measure-
ments in powders. The work reported here was supported
by Alberta Innovates Technology Futures (ATIF), the
National Engineering and Research Council of Canada
(NSERC), and the National Science Foundation of the
USA (NSF) under award nos. PHY-1212462, PHY-
1415628, and CHE-1416454. W. T. is a senior fellow of
the Canadian Institute for Advance Research (CIFAR).
∗ Present address: Laboratoire Aime´ Cotton, CNRS-UPR
3321, Univ. Paris-Sud, Baˆt. 505, F-91405 Orsay Cedex,
France
[1] Y. C. Sun, in Spectroscopic Properties of Rare Earths in
Optical Materials, P. R. Hull, P. J. Parisi, P. R. M. O.
Jr, P. H. Warlimont, D. G. Liu, and P. B. Jacquier, eds.
(Springer Berlin Heidelberg, 2005), no. 83 in Springer
Series in Materials Science, pp. 379–429.
[2] L. Me´nager, I. Lorgere´, J.-L. Le Goue¨t, D. Dolfi, and
J.-P. Huignard, Optics Letters 26, 1245 (2001).
[3] B. Lauritzen, J. Mina´rˇ, H. de Riedmatten, M. Afzelius,
and N. Gisin, Physical Review A 83, 012318 (2011).
[4] R. Lauro, J. Ruggiero, A. Louchet, A. Alexander,
T. Chanelie`re, I. Lorgere´, F. Bretenaker, F. Goldfarb,
and J. L. Le Goue¨t, Journal of Luminescence 129, 1951
(2009).
[5] M. Afzelius, C. Simon, H. de Riedmatten, and N. Gisin,
Physical Review A 79, 052329 (2009).
[6] E. Saglamyurek, N. Sinclair, J. A. Slater, K. Heshami,
D. Oblak, and W. Tittel, New Journal of Physics 16,
065019 (2014).
[7] C. W. Thiel, T. Bo¨ttger, and R. L. Cone, Journal of
Luminescence 131, 353 (2011).
[8] J. Amin, B. Dussardier, T. Schweizer, and M. Hemp-
stead, Journal of Luminescence 69, 17 (1996).
[9] E. Saglamyurek, N. Sinclair, J. Jin, J. A. Slater,
D. Oblak, F. Bussie`res, M. George, R. Ricken, W. Sohler,
and W. Tittel, Nature 469, 512 (2011).
[10] R. S. Weis and T. K. Gaylord, Applied Physics A 37,
191 (1985).
[11] C. E. Ru¨ter, S. Suntsov, D. Kip, G. Stone, V. Dierolf,
H. Hu, and W. Sohler (2014), vol. 8982, pp. 89821G–
89821G–8.
[12] M. N. Armenise, IEE Proceedings J - Optoelectronics
135, 85 (1988).
[13] W. Sohler and H. Suche, Integrated optical circuits and
components Design and applications (Marcel Dekker,
1999).
[14] Y. Sun, C. W. Thiel, R. L. Cone, R. W. Equall, and R. L.
Hutcheson, Journal of Luminescence 98, 281 (2002).
[15] S. R. Hastings-Simon, M. U. Staudt, M. Afzelius,
P. Baldi, D. Jaccard, W. Tittel, and N. Gisin, Optics
Communications 266, 716 (2006).
[16] C. W. Thiel, R. M. Macfarlane, T. Bo¨ttger, Y. Sun, R. L.
Cone, and W. R. Babbitt, Journal of Luminescence 130,
1603 (2010).
[17] C. W. Thiel, Y. Sun, R. M. Macfarlane, T. Bo¨ttger, and
R. L. Cone, Journal of Physics B: Atomic, Molecular and
Optical Physics 45, 124013 (2012).
[18] S. Benchabane, L. Robert, J.-Y. Rauch, A. Khelif,
and V. Laude, Journal of Applied Physics 105, 094109
(2009).
[19] N. Courjal, S. Benchabane, J. Dahdah, G. Ulliac, Y. Gru-
son, and V. Laude, Applied Physics Letters 96, 131103
(2010).
13
[20] F. Lacour, N. Courjal, M. P. Bernal, A. Sabac,
C. Bainier, and M. Spajer, Optical Materials 27, 1421
(2005).
[21] I. L. Gheorma, P. Savi, and R. M. Osgood, IEEE Pho-
tonics Technology Letters 12, 1618 (2000).
[22] T. A. Ramadan, M. Levy, and R. M. Osgood, Applied
Physics Letters 76, 1407 (2000).
[23] H. Robinson, C. W. Pitt, and R. A. Gibson, Applied
Optics 32, 3981 (1993).
[24] H. Hu, R. Ricken, W. Sohler, and R. B. Wehrspohn,
IEEE Photonics Technology Letters 19, 417 (2007).
[25] B. Knabe, K. Buse, W. Assenmacher, and W. Mader,
Physical Review B 86, 195428 (2012).
[26] R. Grange, J.-W. Choi, C.-L. Hsieh, Y. Pu, A. Magrez,
R. Smajda, L. Forro´, and D. Psaltis, Applied Physics
Letters 95, 143105 (2009).
[27] A. N. Morozovska, E. A. Eliseev, G. S. Svechnikov, and
S. V. Kalinin, Journal of Applied Physics 108, 042009
(2010).
[28] A. Ru¨diger, T. Schneller, A. Roelofs, S. Tiedke,
T. Schmitz, and R. Waser, Applied Physics A 80, 1247
(2005).
[29] G. P. Flinn, K. W. Jang, J. Ganem, M. L. Jones, R. S.
Meltzer, and R. M. Macfarlane, Phys. Rev. B 49, 5821
(1994).
[30] R. Meltzer, K. Jang, K. Hong, Y. Sun, and S. Feofilov,
Journal of Alloys and Compounds 250, 279 (1997).
[31] K. S. Hong, R. S. Meltzer, B. Bihari, D. K. Williams, and
B. M. Tissue, Journal of Luminescence 76, 234 (1998).
[32] S. P. Feofilov, Physics of the Solid State 44, 1407 (2002).
[33] R. M. Macfarlane and M. J. Dejneka, Optics Letters 26,
429 (2001).
[34] H. Zheng, X.-j. Wang, S.-X. Qu, M. J. Dejneka, and R. S.
Meltzer, Journal of Luminescence 119120, 153 (2006).
[35] R. S. Meltzer, H. Zheng, and M. J. Dejneka, Journal of
Luminescence 107, 166 (2004).
[36] F. Beaudoux, A. Ferrier, O. Guillot-Noe¨l, T. Chanelie`re,
J.-L. Le Goue¨t, and P. Goldner, Optics Express 19, 15236
(2011).
[37] A. Perrot, P. Goldner, D. Giaume, M. Lovric´, C. Andri-
amiadamanana, R. R. Gonc¸alves, and A. Ferrier, Physi-
cal Review Letters 111, 203601 (2013).
[38] T. Zhong, J. M. Kindem, E. Miyazono, and A. Faraon,
Nature Communications 6, 8206 (2015).
[39] C. C. Koch, Nanostructured Materials 2, 109 (1993).
[40] V. Sˇepela´k, S. Be´gin-Colin, and G. L. Cae¨r, Dalton
Transactions 41, 11927 (2012).
[41] D. Michel, L. Mazerolles, P. Berthet, and E. Gaffet, Eu-
ropean Journal of Solid State and Inorganic Chemistry
32, 673 (1995).
[42] S. L. Bravina, A. N. Morozovska, N. V. Morozovsky, and
Y. A. Skryshevsky, Ferroelectrics 298, 31 (2004).
[43] D. Bork and P. Heitjans, The Journal of Physical Chem-
istry B 102, 7303 (1998).
[44] M. J. Pooley and A. V. Chadwick, Radiation Effects and
Defects in Solids 158, 197 (2003).
[45] P. Heitjans and S. Indris, Journal of Materials Science
39, 5091 (2004).
[46] A. V. Chadwick, M. J. Pooley, and S. L. P. Savin, Physica
Status Solidi (C) 2, 302 (2005).
[47] P. Heitjans, M. Masoud, A. Feldhoff, and M. Wilken-
ing, NMR and Impedance Studies of Nanocrystalline and
Amorphous Ion Conductors: Lithium Niobate as a Model
System, vol. 134 (2007).
[48] S. Kar, S. Logad, O. P. Choudhary, C. Debnath,
S. Verma, and K. S. Bartwal, Universal Journal of Ma-
terials Science 1, 18 (2013).
[49] T. Lutz, L. Veissier, C. W. Thiel, P. J. T. Woodburn,
R. L. Cone, P. E. Barclay, and W. Tittel, Science and
Technology of Advanced Materials 17, 63 (2016).
[50] X. Wang, Z. Ye, G. Li, and B. Zhao, Journal of Crystal
Growth 306, 62 (2007).
[51] G. C. Budakoti and R. S. Rawat, Journal of Crystal
Growth 310, 4205 (2008).
[52] H. Jhans, J. M. Honig, and C. N. R. Rao, Journal of
Physics C: Solid State Physics 19, 3649 (1986).
[53] A. Dhar and A. Mansingh, Journal of Applied Physics
68, 5804 (1990).
[54] A. Z. Simo˜es, M. A. Zaghete, B. D. Stojanovic, A. H.
Gonzalez, C. S. Riccardi, M. Cantoni, and J. A. Varela,
Journal of the European Ceramic Society 24, 1607
(2004).
[55] J. L. Jackel, V. Ramaswamy, and S. P. Lyman, Applied
Physics Letters 38, 509 (1981).
[56] S. Forouhar, G. E. Betts, and W. S. C. Chang, Applied
Physics Letters 45, 207 (1984).
[57] U. Schlarb and K. Betzler, Physical Review B 48, 15613
(1993).
[58] D. E. Zelmon, D. L. Small, and D. Jundt, JOSA B 14,
3319 (1997).
[59] R. Macfarlane, Y. Sun, R. Cone, C. Thiel, and R. Equall,
Journal of Luminescence 107, 310 (2004). Proceedings
of the 8th International Meeting on Hole Burning, Sin-
gle Molecule, and Related Spectroscopies: Science and
Applications.
[60] T. Bo¨ttger, C. W. Thiel, R. L. Cone, and Y. Sun, Phys-
ical Review B 79, 115104 (2009).
[61] W. B. Mims, Physical Review 168, 370 (1968).
[62] T. Bo¨ttger, C. W. Thiel, Y. Sun, and R. L. Cone, Phys-
ical Review B 73, 075101 (2006).
[63] L. Veissier, M. Falamarzi, T. Lutz, E. Saglamyurek,
C. W. Thiel, R. L. Cone, and W. Tittel, Physical Re-
view B 94, 195138 (2016).
[64] T. Gog, M. Griebenow, and G. Materlik, Physics Letters
A 181, 417 (1993).
[65] J. Garc´ıa Sole´, L. E. Bausa´, D. Jaque, E. Montoya,
H. Murrieta, and F. Jaque, Spectrochimica Acta Part
A: Molecular and Biomolecular Spectroscopy 54, 1571
(1998).
[66] P. W. Anderson, B. I. Halperin, and c. M. Varma, Philo-
sophical Magazine 25, 1 (1972).
[67] W. Phillips, Journal of Low Temperature Physics 7, 351
(1972).
[68] S. K. Watson, Phys. Rev. Lett. 75, 1965 (1995).
[69] T. R. Askew, H. J. Stapleton, and K. L. Brower, Phys.
Rev. B 33, 4455 (1986).
[70] L. Aminov, I. Kurkin, and D. Lukoyanov, Applied Mag-
netic Resonance 14, 447 (1998).
[71] R. M. Macfarlane, Coherent transient and holeburning
spectroscopy of rare earth ions in solids,” in Spectroscopy
of Solids Containing Rare Earth Ions (North-Holland,
1987).
[72] J. L. Black and B. I. Halperin, Physical Review B 16,
2879 (1977).
[73] R. J. Silbey, J. M. A. Koedijk, and S. Vo¨lker, The Journal
of Chemical Physics 105, 901 (1996).
